Introduction {#s1}
============

Lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL) are key enzymes involved in lifestyle-related diseases, such as obesity \[[@r33]\], metabolic syndrome \[[@r33]\], dyslipidemia \[[@r7]\], and atherosclerosis \[[@r28]\]. These lipases mediate the decomposition of triglycerides in chylomicron (CM), very low density lipoprotein (VLDL), and intermediate density lipoprotein (IDL) particles \[[@r21]\], and are involved in receptor-mediated VLDL catabolism \[[@r17], [@r23], [@r34]\]. Overexpressing human LPL suppressed atherosclerotic lesions in LDL receptor-deficient mice \[[@r31]\], and HTGL-deficiency delayed the development of atherosclerosis in SR-BI/apolipoprotein E double knockout mice \[[@r12]\]. In contrast, atherosclerotic lesions were enhanced in transgenic rabbits overexpressing human LPL \[[@r9], [@r15]\] or HTGL \[[@r35]\]. It is necessary to consider the influence of the expression site of the introduced gene, but all involvement of LPL and HTGL in atherosclerosis has not been elucidated. Active and inactive HTGL are present in post-heparin plasma \[[@r22]\], and catalytically inactive LPL is present in transgenic mice \[[@r24]\]. In addition, normal LPL activity is observed in post-heparin plasma in some patients with hyperlipidemia because of apoC-II deficiency \[[@r13]\]. These observations suggest importance of measuring the activity of LPL and HTGL, in addition to the expression of LPL and HTGL genes or proteins. However, conventional activity methods are time-consuming, and the use of radioactive isotopes is required. Imamura *et al*. \[[@r10]\] developed a simple method to measure the activity of LPL/HTGL that does not use radioisotopes. Recently, Nakajima *et al*. \[[@r27]\] improved Imamura's method for the clinical laboratory by developing a simple and accurate automated assay. If this simple assay method can be used to measure the LPL and HTGL activities of laboratory animals, studies of lifestyle-related diseases using animal models can be promoted. In this study, we examined the practicality of the newly developed assay method for LPL and HTGL activities in different animal species and different animal models of lifestyle-related diseases, and examined species differences in LPL and HTGL activities. Although LPL and HTGL activities were measured in several animals species, species difference of these lipase activity have not been examined using the same assay method. To examine the species difference, LPL and HTGL activities in different laboratory animals and animal models of lifestyle-related diseases (KK-*A^y^* mice, Zucker fatty rats, and WHHLMI rabbits) were compared using the same assay method \[[@r27]\]. The KK-*A^y^* mouse is a polygenic animal model for obesity and hyperinsulinemia because of increased degranulation of β-cells and hypertrophy of pancreatic islet cells \[[@r11]\]. The Zucker fatty rat is a polygenic animal model for obese and hyperinsulinemia because of hyperphagia and energy expenditure from impaired leptin signaling resulting by the *fa* mutation in the leptin receptor \[[@r30]\]. The WHHLMI rabbit is an animal model for coronary atherosclerosis and hypercholesterolemia because of LDL receptor deficiency \[[@r32]\].

Materials and Methods {#s2}
=====================

Animals
-------

We used ICR mice (Jcl:ICR, 5 weeks old, 6 females and 6 males), KK-*A^y^* mice (KK-*A^y^*/TaJcl, 5 weeks old, 20 females), SD rats (Slc:SD, 5 weeks old, 6 females and 6 males), Zucker fatty rats (Slc:Zucker-*fa/fa*, 5 weeks old, 20 females), Japanese white (JW) rabbits (Kbl:JW, 4 months old, 6 males), and WHHLMI rabbits (6 months old, 6 females and 6 males). ICR and KK-*A^y^* mice were purchased from CLEA Japan, Inc. (Tokyo, Japan), SD and Zucker fatty rats were purchased from Japan SLC, Inc. (Hamamatsu, Japan), JW rabbits were purchased from Kitayama LABES, Co., Ltd. (Ina, Japan), and WHHLMI rabbits were bred at the Institute for Experimental Animals, Kobe University Graduate School of Medicine (Kobe, Japan). In lipoprotein analyses, blood samples (500 *µ*l) were obtained before and 5 or 15 min after heparin injection in each animal. In an assay of lipase activity, heparin was injected intravenously in the subclavian vein for mice and rats under light anesthesia with isoflurane or in the marginal ear vein for rabbits at a dose of 100 units/kg. Blood samples (100 *µ*l) were collected from the subclavian vein or orbital venous plexus of mice under light anesthesia with isoflurane before and after heparin injection (5, 15, 30, and 60 min), and from the tail vein or subclavian vein of rats under light anesthesia with isoflurane before and after heparin injection (15, 30, 60, and 120 min). Mice and rats were euthanized after blood collection with excessive anesthesia without awakening. In rabbits, a 1-ml blood sample was collected from the marginal ear vein before and after the heparin injection (15, 30, 60, and 120 min). Experiments were conducted after more than 12 h fasting and 2 h after feeding. Plasma was stored at −80°C until analysis. Animals were maintained under SPF conditions with a constant temperature (22 ± 2°C), relative humidity (50--60%), ventilation rate (15 cycles/h), air supply (through a HEPA filter), and 12-h light/dark cycle. Animals were fed standard chow \[CE-2 (CLEA Japan, Inc.) for mice and rats *ad libitum*, and LRC4 (Oriental Yeast Co., Ltd., Tokyo, Japan) for rabbits 120 g/day\].

This study was approved by the Kobe University Animal Care and Use Committee (approval numbers: P180201, P180202, and P180204), and all animal experiments and care of animals were conducted in accordance with the Regulations for Animal Experimentation of Kobe University, the Act on Welfare and Management of Animals (Law No. 105, 1973, revised in 2006), Standards Relating to the Care and Management of Laboratory Animals and Relief of Pain (Notification No. 88, 2006), and Fundamental Guidelines for the Proper Conduct of Animal Experiments and Related Activities in Academic Research Institutions under the Jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology (Notice No. 71, 2006).

Evaluation of LPL and HTGL activities
-------------------------------------

LPL and HTGL activities were measured with the LPL/HTGL activity assay kit (Immuno-Biological Laboratories, Fujioka, Japan) using an auto-analyzer (BIOLIS 24i Premium, Tokyo Boeki Medisys Inc., Tokyo, Japan) according to the method reported by Nakajima *et al.* \[[@r26]\]. In brief, the LPL and HTGL activities were separately assayed using post-heparin plasma with apoC-II and without apoC-II. ApoC-II is a cofactor required for LPL activity \[[@r8]\]. LPL activity was calculated from total lipase activity with apoC-II by subtracting the HTGL activity measured under the same procedure without apoC-II. Since lipase activity peaked 5 min after heparin injection in mice, and became a plateau at 5--20 min after heparin injection in rats and rabbits. ([Supplementary Fig. 1](#pdf_001){ref-type="supplementary-material"}), lipase activities were defined as activities 5 min after heparin injection in mice, and activities 15 min after heparin injection in rats and rabbits. This assay system was available in various laboratory animals. The coefficient of variation (CV) was less than 4% ([Supplementary Table 1](#pdf_001){ref-type="supplementary-material"}), and the influence of repeated freezing and thawing of plasma ([Supplementary Table 2](#pdf_001){ref-type="supplementary-material"}) and the influence of dilution of plasma ([Supplementary Fig. 2 and Supplementary Table 3](#pdf_001){ref-type="supplementary-material"}) on measurement of LPL and HTGL activities were negligible in each animal species. In dilution experiment, HTGL activity showed linearity between 16 and 1557 U/l, LPL activity showed linearity between 31 and 1,146 U/l. The activity of LPL and HTGL of mice, rats, and rabbits was comparable to previous studies using radioisotopes ([Supplementary Table 4](#pdf_001){ref-type="supplementary-material"}) \[[@r3], [@r4], [@r25], [@r29], [@r36]\]. There was a strong correlation between the mass and activity of LPL and HTGL \[[@r10]\]. In the present study, LPL and HTGL activities were compared under several conditions; i.e. between animal species, between normal animals and animal models, fasting or feeding conditions, and gender differences.

Fractionation of lipoproteins
-----------------------------

In KK-*A^y^* mice, Zucker fatty rats, and WHHLMI rabbits, lipoproteins were fractionated by HPLC at Skylight Biotech Inc. (Akita, Japan) and cholesterol and triglyceride levels were enzymatically measured.

Statistical analysis
--------------------

Data were represented as the mean ± SEM for variations in mean values or as the mean ± SD for variations in measured values. Statistical analyses for differences in mean values were performed using the Student's *t*-test, Welch's *t*-test, or paired *t*-test. *P*-values less than 0.05 were considered significant. For the correlation coefficient, Pearson's correlation coefficient was calculated.

Results {#s3}
=======

LPL and HTGL activities in each animal species
----------------------------------------------

As shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Changes in lipoprotein lipase (LPL) (open circles) and hepatic triglyceride lipase (HTGL) (solid circles) activities after heparin intravenous injection in various animals. The animals used were female mice and rats, and male rabbits. Data are mean ± SEM. Statistical analyses between LPL and HTGL activities were performed by the Student's *t*-test (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001)., both normal and obese mice (fasted female) exhibited high HTGL activity in pre-heparin plasma (145 ± 29 and 236 ± 12 U/l, respectively). Similar results were obtained for male mice (data not shown). In fasted female rats and male rabbits, HTGL activities in pre-heparin plasma were less than 20 U/l. Similar results were obtained for male rats and female rabbits (data not shown). In post-heparin plasma of ICR and KK-*A^y^* mice and JW rabbits, LPL activity was higher than HTGL activity, while this was opposite in SD and Zucker fatty rats. There were no differences in WHHLMI rabbits between LPL and HTGL activities. Gender differences were observed in HTGL activity in SD rats and LPL activity in WHHLMI rabbits ([Table 1](#tbl_001){ref-type="table"}Table 1.Gender differences in lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL) activities in various animals\>ICR mouse\>SD rat\>WHHLMI rabbitFemale\
(n=5)Male\
(n=5)*P*-valueFemale\
(n=5)Male\
(n=5)*P*-valueFemale\
(n=5)Male\
(n=5)*P*-valueLPL activity (U/l)Pre-heparin injectionFasting11 ± 421 ± 20.0491 ± 2--1 ± 10.4996 ± 30 ± 00.152Feeding18 ± 321 ± 30.5006 ± 15 ± 10.8010.4 ± 0.40.4 ± 0.41.000Post-heparin plasmaFasting717 ± 67839 ± 1790.570360 ± 44225 ± 510.073601 ± 78376 ± 350.024Feeding1362 ± 1021530 ± 890.243629 ± 48527 ± 500.180491 ± 33466 ± 490.926HTGL activity (U/l)Pre-heparin injectionFasting145 ± 29270 ± 440.0514 ± 11 ± 10.0441 ± 12 ± 20.667Feeding263 ± 16277 ± 220.61020 ± 29 ± 1\<0.0012 ± 23 ± 30.822Post heparin plasmaFasting384 ± 63560 ± 890.1561121 ± 66473 ± 57\<0.001543 ± 64466 ± 300.307Feeding847 ± 501017 ± 690.0731496 ± 851010 ± 1540.029491 ± 33566 ± 640.333Post-heparin plasma was obtained 5 min (mice) or 15 min (rats and rabbits) after heparin intravenous injection. Data are mean ± SEM. Statistical analyses between females and males were performed with the Student's *t*-test.). LPL and HTGL activities increased after feeding in ICR mice and SD rats, but not in WHHLMI rabbits ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL) activities in each animal species at fasting (open bars) and feeding (solid bars). Lipase activities were measured using plasma obtained 5 min (mice) or 15 (rats and rabbits) min after heparin intravenous injection. Data are mean ± SEM. Statistical analyses between fasting and feeding were performed by Paired *t*-test.).

Comparison of lipase activity between spontaneous animal models of obesity or hypercholesterolemia and normal animals
---------------------------------------------------------------------------------------------------------------------

[Figure 3](#fig_003){ref-type="fig"}Fig. 3.Lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL) activities in normal (open bars) and mutant (solid bars) animals. Lipase activities were measured using plasma obtained 5 min (mice) or 15 min (rats and rabbits) after heparin intravenous injection. Animals used in this experiment are females in mice and rats, and males in rabbits. Data are mean ± SEM. Statistical analyses between normal and mutant animals were performed by the Student's *t*-test. shows the lipase activities in post-heparin plasma of normal animals and spontaneous animal models of obesity or hypercholesterolemia. LPL and HTGL activities during feeding were lower in KK-*A^y^* mice than in ICR mice, despite no differences in lipase activities at fasting between both strains. In KK-*A^y^* mice, HTGL activity was significantly elevated by feeding (464 ± 26 U/l to 676 ± 32 U/l, *P*\<0.001), but LPL activity showed no significant change. After feeding, LPL activity was increased in normal ICR mice despite no changes in KK-*A^y^* mice. LPL activity at fasting and feeding was higher in Zucker fatty rats than in normal SD rats. HTGL activity at fasting was higher in Zucker fatty rats than in normal SD rats, whereas no significant differences were observed at feeding. In Zucker fatty rats after feeding, LPL activity increased (671 ± 25 U/l to 898 ± 20 U/l, *P*=0.002), but HTGL activity decreased (1,703 ± 40 U/l to 1,378 ± 67 U/l, *P*=0.012). This change in HTGL activity in Zucker fatty rats was different from normal ICR mice. LPL and HTGL activities at fasting and feeding were higher in WHHLMI rabbits than in JW rabbits. There was no difference in changes in LPL and HTGL activities by feeding between WHHLMI rabbits and normal JW rabbits. In normal animals, LPL and HTGL activities were lower in JW rabbits than ICR mice and SD rats.

Changes in lipoprotein lipid levels after heparin injection
-----------------------------------------------------------

As shown in [Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Lipoprotein triglyceride levels before (open bars) and after (solid bars) heparin injection. Post-heparin plasma was obtained 5 (mice) or 15 (rats and rabbits) min after heparin intravenous injection. Lipoproteins were fractionated by HPLC (Skylight Biotech Inc.) The numerical values are the rates of change before heparin injection. Data are mean ± SEM. Statistical analyses before and after the heparin injection were performed with a paired *t*-test., triglyceride levels in whole plasma and every lipoprotein fraction significantly decreased after heparin injection (5 min in mice and 15 min in rats and rabbits). In KK-*A^y^* mice and Zucker fatty rats, triglyceride levels in whole plasma and the CM and VLDL fractions decreased by more than 80%. Cholesterol levels in whole plasma and the CM, VLDL, and HDL fractions also significantly decreased in mice and rats, whereas these decreases were smaller in WHHLMI rabbits.

Relationship between lipase activity and rate of lipoprotein triglyceride reductions
------------------------------------------------------------------------------------

As shown in [Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Relationship between lipase activity and rates of lipoprotein triglyceride reductions in WHHLMI rabbits. R^2^, correlation coefficient., LPL and HTGL activities in post-heparin plasma were both strongly correlated with triglyceride levels in whole plasma and CM, VLDL, and LDL fractions in WHHLMI rabbits. Correlation coefficients were higher than 0.700. However, a correlation was only observed between HTGL activity and LDL triglyceride levels in Zucker fatty rats, but no correlation occurred between lipase activities and lipoprotein lipid levels in KK-*A^y^* mice (data not shown). Lipoprotein cholesterol levels did not correlate with lipase activities (data not shown).

Discussion {#s4}
==========

In the present study, we showed that LPL and HTGL activities varied depending on the animal species, spontaneous animal models for lifestyle-related disease, fasting and feeding conditions, and gender differences in addition to the practicality of a newly developed assay method.

In normal male animals after feeding, LPL and HTGL activities were lower in JW rabbits than ICR mice and SD rats ([Supplementary Table 4](#pdf_001){ref-type="supplementary-material"}). In human healthy volunteers assayed using the same kit as this study, the LPL activity was 150 ± 12 U/l and HTGL activity was 385 ± 44 U/l, respectively \[[@r27]\]. LPL and HTGL activities of mice and HTGL activity of rats were extremely high compared to human healthy volunteers.

In hypercholesterolemic WHHLMI rabbits, LPL and HTGL activities were higher than normal JW rabbits, similar to patients with human familial hypercholesterolemia \[[@r2]\]. In comparison between normal and obese animals, lipase activities were higher in obese animal models than in normal animals. In humans, HTGL activity negatively correlated with insulin clearance rate \[[@r18]\], but was positively correlated with visceral fat content, obesity, insulin resistance, and diabetes \[[@r1]\]. The present results of obese animal models were consistent with humans. However, KK-*A^y^* mice and Zucker fatty rats showed different findings. Although KK-*A^y^* mice and Zucker fatty rats are animal models for obese and hyperinsulinemia \[[@r11], [@r30]\], the cause of obesity is hypertrophy of pancreatic islet cells and degranulation of beta cells in KK-*A^y^* mice \[[@r11]\] and hyperphagia due to *fa* mutation of leptin receptor in Zucker fatty rats \[[@r30]\].These differences may be related to differences in plasma lipase activities of the two animal models.

Changes in LPL and HTGL activities after feeding varied among animal species. The LPL and HTGL activities after feeding were increased in ICR mice, KK-*A^y^* mice, and SD rats. In Zucker fatty rats, LPL activity was increased but HTGL activity was decreased after feeding. No significant changes were observed in JW and WHHLMI rabbits. In healthy young volunteers, there were no differences in plasma LPL and HTGL activities between plasma at fasting and two h after meal \[[@r26]\]. These results suggest that the presence or absence of obesity may be related to postprandial LPL and HTGL activities.

In contrast to other animal species, high HTGL activity was observed in pre-heparin plasma of mice, which is consistent with previous findings \[[@r29]\]. High HTGL activity in pre-heparin plasma in mice was attributed to its low affinity for the heparan sulfate proteoglycans of liver endothelial cells \[[@r19]\]. In rats, HTGL activity was higher in females than in males, as reported previously \[[@r6]\]. However, no gender differences were observed in HTGL activity in Wistar rats. In humans, HTGL activity was higher in males than in pre-menopausal females, although there was no differences in LPL activities \[[@r1]\]. Visceral fat accumulation and sex steroid hormone could be related to gender difference in HTGL activities \[[@r1]\].

Transient decreases in triglyceride levels in each lipoprotein fraction in post-heparin plasma were prominent in KK-*A^y^* mice and Zucker fatty rats. Cholesterol levels in the CM and VLDL fractions in KK-*A^y^* mice and Zucker fatty rats also decreased after heparin infusion. These observations were consistent with previous findings of apoE-deficient mice \[[@r37]\]. The marked decreases in the CM and VLDL fractions observed in mice and rats are considered due to the faster receptor-mediated clearance of LPL-bound apoB-containing lipoproteins \[[@r20], [@r37]\]. It may be related to the expression of apoB-editing enzyme in the liver in mice and rats \[[@r5]\]. However, in WHHLMI rabbits, decreases in triglyceride levels in these lipoproteins were relatively mild, and cholesterol decreases in these fractions were small. Since apoB-editing enzyme is not expressed in the liver of WHHL rabbits \[[@r16]\], the most VLDL particles are converted to LDL particles \[[@r14]\]. Furthermore, the correlations between post-heparin lipase activities and the rates of lipoprotein lipid reductions were strong in WHHLMI rabbits, but weak in mice and rats. This difference may also be caused by marked decreases in triglyceride levels in the CM and VLDL fractions in the post-heparin plasma of mice and rats as shown in [Fig. 4.](#fig_004){ref-type="fig"}

Conclusions
-----------

We measured LPL and HTGL activities in various laboratory animals, and found that LPL and HTGL activities varied greatly depending on animal species, animal models, feeding or fasting conditions, and genders. The understanding of the regulated expression *in vivo* may help to expand our knowledge regarding the clinical relevance of these lipase activities in human diseases.
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